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Abstract 

A plant oleosin was used as a 'carrier' for the production of the leech anticoagulant protein, hirudin 
(variant 2). The oleosin-hirudin fusion protein was expressed and accumulated in seeds. Seed-specific 
expression of the oleosin-hirudin fusion mRNA was directed via an Arabidopsis oleosin promoter. The 
fusion protein was correctly targeted to the oil body membrane and separated from the majority of other 
seed proteins by flotation centrifugation. Recombinant hirudin was localized to the surface of oil bod- 
ies as determined by immunofluorescent techniques. The oleosin-hirudin fusion protein accumulated to 
ca. 1% of the total seed protein. Hirudin was released from the surface of the oil bodies using endopro- 
tease treatment. Recombinant hirudin was partially purified through anion exchange chromatography 
and reverse-phase chromatography. Hirudin activity, measured in anti-thrombin units (ATU), was ob- 
served in seed oil body extracts, but only after the proteolytic release of hirudin from its oleosin 'car- 
rier'. About 0.55 ATU per milligram of oil body protein was detected in cleaved oil body preparations. 
This activity demonstrated linear dose dependence. The oleosin fusion protein system provides a unique 
route for the large-scale production of recombinant proteins in plants, as well as an efficient process for 
purification of the desired polypeptide. 



Introduction 

Plant-based expression systems have recently re- 
ceived attention as alternative hosts for the pro- 
duction of recombinant proteins and peptides 
[ 19]. The ease by which DNA sequences may be 
transferred and stably integrated into the genome 
of many plant species [ 15] and the relatively low 
cost of plant cultivation has heightened interest in 
this approach. Transgenic plants have been used 
as vehicles for the production of a variety of dif- 
ferent recombinant proteins. Hiatt and colleagues 



[12] produced two lines of tobacco transformants 
which, upon crossing, produced functional, cor- 
rectly assembled recombinant gamma-kappa 
complexes that accumulated to 1.3% of the total 
leaf protein. Plant-based expression systems have 
also been used successfully to produce human 
serum albumin in potato tubers [35]. The recom- 
binant proteins were targeted for secretion into 
the apoplastic space by addition of signal 
sequences derived from the extracellular PR-S 
protein of tobacco or from the human prepro- 
sequence. 
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Recently, the expression of recombinant pro- 
teins in seeds has become the focus for plant- 
based expression studies. Seeds possess a num- 
ber of characteristics which make them highly 
suitable for this type of application. Plant seeds 
represent an extremely inexpensive source of pro- 
tein. For example, oilseed rape seed, which is ca. 
40% protein by weight, costs ca. $250 per metric 
tonne to produce [8]. Upon maturation, seeds 
lose greater than 95% of their water content [ 10], 
therefore seed proteins are already in a very con- 
centrated form. In addition, seeds have low 
hydrolytic activity [42], minimizing protein deg- 
radation, and seeds can be stored for long peri- 
ods of time without deterioration. 

The cost of purification of recombinant pro- 
teins or peptides has generally been considered a 
limiting factor for the commercial application of 
seed-based expression systems. Pen et ai [29] 
circumvented the need to purify recombinant pro- 
teins produced in seeds by expressing phytase as 
an additive in animal feed. However, there are 
relatively few proteins which can be used in an 
unpurified form in this manner. 

Another example of a pharmaceutical^ active 
peptide produced in plants is Leu-enkephalin, 
which was produced in Brassica napus and Ara- 
bidopsis seeds as an internal fusion with the stor- 
age protein napin [39], The biological activity of 
the enkephalin produced was not tested. Hoff- 
man et ai [13] showed that modification of the 
seed storage protein, phaseolin, caused retention 
of the recombinant form within the ER and/or 
Golgi, possibly due to a change in the secondary 
or tertiary structure of the protein, preventing its 
successful transport. Thus, seed storage proteins 
are unlikely to be suitable 'carriers' of larger pep- 
tide sequences. In addition, extraction and puri- 
fication of recombinant proteins made as seed 
storage protein fusions is impractical for large- 
scale peptide production [39]. If plant systems 
are to. become viable alternatives for the large- 
scale production of recombinant proteins, meth- 
ods must be developed to ensure ease of purifi- 
cation and high yield of the recombinant protein. 

An alternative to the use of seed storage pro- 
teins as 'carriers' for recombinant proteins is the 



exploitation of another class of seed-specific pro- 
teins called oleosins. Oleosins are small, abun- 
dant proteins embedded in the phospholipid 
monolayer of oil bodies [ 16]. In oilseed rape, they 
represent ca. 8-20% of the total seed protein [ 16, 
27] and are inducible by osmotic stress, jasmonic 
acid, and abscisic acid [30, 38, 41]. One of the 
most attractive features of oleosins is their ease of 
purification. Oil bodies and associated proteins 
are easily separated from other seed components 
as an immiscible 'fat pad' by flotation centrifuga- 
tion. Since the amino acid sequence of oleosins 
from different plant species diverges at their am- 
phipathic N- and C-terminal domains [16], we 
postulated that recombinant proteins might be 
fused to oleosins without adversely affecting their 
targeting. Recently, it was demonstrated that an 
oleosin-/J-glucuronidase fusion protein under the 
control of an Arabidopsis oleosin promoter was 
correctly targeted to the oil body membrane [36]. 
The correct targeting of the GUS protein (67 kDa) 
fused to the C-terminal end of the entire oleosin 
coding sequence suggests that oleosin fusions 
might be appropriate vehicles for expression of 
high-value (e.g. pharmaceutical) peptides in plant 
seeds. As an example of a potentially useful phar- 
maceutical protein, we investigated the properties 
of hirudin. 

Hirudin, produced in the salivary glands of the 
leech, Hirudo medicinalis [23], is the most potent 
and specific thrombin inhibitor known (K ; = 6.3 
x 10 ~ U M [4]). This protein is being studied in 
clinical trials for use as a blood anticoagulant 
(reviewed in [24]). Hirudin cDNAs have been 
cloned and expressed to produce biologically ac- 
tive protein in Escherichia coli [11], yeast [31], 
baculovirus-infected insect cells [1] and Strepto- 
myces lividans [2]. Hirudin is an attractive model 
to evaluate the use of oleosins as 'carriers' of 
high-value proteins due to its low molecular 
weight, minimal processing requirements, and 
relative hydrophilicity. In addition, its anti- 
thrombin activity is easily measured by a colori- 
metric assay [4]. 

In this investigation, a fusion of an Arabidopsis 
oleosin promoter and coding sequence followed, 
in-frame, by a sequence encoding synthetic hiru- 
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d in variant 2 [ 1 1], was constructed. To facilitate 
purification of recombinant hirudin, a sequence 
encoding a Factor Xa/clostripain cleavage site 
was interposed between the oleosin and hirudin 
coding sequences. This fusion system was used to 
evaluate the possibility of producing hirudin in 
seeds of the common oilseed crop, Brassica napus 
(oilseed rape). A further objective was to deter- 
mine the biological activity of the recombinant 
protein once released from its oleosin 'carrier'. 



Materials and methods 

Constructs 

A synthetic cDNA encoding hirudin variant 2 
(HV2) was designed from the amino acid 
sequence [ 1 1 ] but employing Brassica napus [21 ] 
and Arabidopsis [37] codon usage. Four overlap- 
ping oligonucleotides were used in PCR amplifi- 
cation to generate a 222 bp fragment. This frag- 
ment contained a region corresponding to the 
hirudin coding sequence, a region encoding a pro- 
teolytic cleavage site at the 5 f end, and restriction 
sequences at both ends (Fig. 1 A). DNA sequence 
analysis of the fragment was performed by the 
dideoxy chain-termination method [33] after end- 
filling and subcloning into the Smal site of a pUC 
19 plasmid vector. This plasmid was called pHIR. 

The lambda genomic clone containing an Ara- 
bidopsis oleosin promoter and coding sequence 
[37] was used as a template in polymerase chain 
reactions. The oligonucleotide GVR10 (5'-CA- 
CTGCA G GAACTCTCTGGTAAGC-3 ), which 
is homologous to sequences -838 to -814 (bold 
type) of the upstream Arabidopsis oleosin se- 
quence, but modified to contain a Pst I site (un- 
derlined), and the oligonucleotide GVR11 (5'- 
CC GTCGACT TACTTGTCGTTAGATTCTT- 
CTCCCTGAACTCTCCCTTcgatcgCAGTAGT- 
GTGCTGGCCACC-3 ) which is homologous to 
the 3 '-coding region of the Arabidopsis oleosin 
coding region (bold type), but modified to contain 
a Sal I (underlined) and a Pvu I (lower case) site, 
were generated. These primers were used in a 
30-cycle PCR amplification of the lambda clone 



, .HIS THR THK al» |ll« glu gly H ile ihr tyr t!ic asp cys tr.r glu 3«r 
, .CAC ACT ACT G Tf, ATC G AA GGG AGA ATC ACT TAC ACT GAC TGT ACT GAA TCT 
Pvu 1 ^ 
-<- -OLEOSIN K 1 CLEAVAGE SITE H HIRUDIN 



gly gin aan L«u cys Leu cys glu gly aer aan val cys gly iya gly »» 
GGA CAG AAC CTC TGT CTC TGT GAA GGA TCT AAC GTT TGT GGA AAG GGA AAC 



lys cya ile leu gly aer aan gly lys gly aan <J*n val ztiZ V 1 ? glu 
AAG TGT ATC CTC GGA TCT AAC GGA AAG GGA AAC CAG TGT GTT ACT GGA GAA 



gly tiir pro aan pro glu 5*r Ms aan aan gly aap pho glu glu ile pro 
GGA ACT CCA AAC CCA GAA TCT CAC AAC AAC GGA GAC TTC GAA GAA ATC CCT 



glu glu tyr leu gin OCH val aap 
GAA GAA TAC CTC CAG ?AA HTC ^ftC GG 
( Sal i 



Factor Xa/ ciostripain 
cleavage site 



Oleosin Promoter 



Oleosin 



Fig. /. Oleosin-hirudin fusion gene construct. A. Nucleotide 
and deduced amino acid sequence of the C-terminai end of the 
fusion construct. Shown are the last three amino acids of an 
Arabidopsis oleosin coding sequence, followed by an in-frame 
translations fusion of a proteolytic cleavage site (boxed) and 
the coding region of hirudin variant 2. The hirudin cDNA is 
flanked by Pvu I and Sal I restriction sites (underlined). B. 
Construct introduced into Brassica napus via Agrobaaerium- 
mediated transformation. The oleosin-hirudin fusion gene is 
under the control of an Arabidopsis oleosin promoter (838 bp), 
and is terminated by a 267 bp nopaline synthase transcrip- 
tional terminator (NOS). 

(annealing temperature of 45 °C). The PCR re- 
action mixture consisted of 16 /xl dNTPs (1.25 
mM), 10 ixl 10 x PCR buffer (100 mM Tris-HCl 
pH 8.3, 500 mM KC1, 15 mM MgCl 2 , 0.1% (w/v) 
gelatin), 5 /il (20 mM) of each primer, 1 \x\ Taq 
DNA polymerase (1 unit//il), 1 0 ag/^1 tem " 
plate), and 64 pi H 2 0. A 1652 bp fragment con- 
taining a 0.84 kb Arabidopsis oleosin promoter 
and 0.8 kb coding region was isolated, end-filled, 
kinased, and cloned into the Sma I site of pUC19. 
This plasmid was called pOBIL. Next, pBI121 
(Clontech), containing a nopaline synthetase 
(nos) terminator sequence flanked by 5' Sal I, 3' 
Eco RI restriction sites was digested with these 
enzymes and subcloned into the Sal II Eco RI sites 
of pUC19. This plasmid was called pTERM. The 
nos terminator was isolated from this plasmid by 
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cleavage with Sal I and Eco RI restriction en- 
zymes and iigated to the 3' end of pOBIL plas- 
mid at the Sal l/Eco RI sites. This plasmid was 
called pOBILT. The hirudin fragment of pHIR 
was excised with Pvu I and Sal I and Iigated into 
these sites of the pOBILT plasmid. This plasmid 
was called pOBHIRT. This oleosin-hinidin fu- 
sion gene of pOBHIRT was subcloned into the 
Hind III/ Eco RI site of pBluescript KS + to gen- 
erate appropriate restriction sites at the 5' and 3' 
ends, then subcloned into pCGN 1559 [25] at the 
Pst I site. This plasmid was designated pCGN- 
OBHIRT. The fusion gene construct is shown in 
Fig. IB. 



Plant transformation and analysis 

The pCGN-OBHIRT construct was introduced 
into Agrobacterium tumefaciens strain EH A 101 
[14] by electroporation [7]. The transformation 
of Brassica napus (cv. Westar) petioles was as 
described by Moloney et ai [26]. 



Recombinant DNA techniques 

All standard recombinant DNA techniques 
(DNA digestion by restriction endonucleases, 
T4-DNA ligase-mediated ligations, plasmid 
preparations, growth of bacterial cultures) were 
performed according to Sambrook et ai [32]. 



Northern blotting and hybridization 

RNA extractions from plant tissues were per- 
formed according to Verwoerd et ai [40]. Quan- 
tification of the RNA extracts was achieved 
through spectrophotometric measurements at 
OD 260nm* A 35 >g portion of RNA was dena- 
tured, fractionated by 1.2% formaldehyde/ 
agarose gel electrophoresis, and transferred onto 
Hybond N filters (Amersham) according to 
manufacturers' instructions. RNA was fixed onto 
the membranes by UV irradiation. The filters were 
prehybridized in 25 ml hybridization buffer (5 x 



SSPE is 0.9 iM NaCI, 50 mM sodium phosphate 
pH 7.7,0.5 mM Na 2 EDTA, 50% formamide, 5 x 
Denhardt's solution, 10% dextran sulfate (w/v), 
and 1 mg denatured herring sperm DNA) over- 
night. Hybridizations were performed at 42 °C 
with hirudin DNA labeled with a J2 P-dCTP in 
fresh hybridization buffer. Filters were washed 
twice in 5 x SSPE at 42 °C for 15 min each. 



Isolation and extraction of seed proteins 

Seed proteins were isolated from 0.5 g dry (ma- 
ture) seeds by grinding in 8 ml extraction buffer 
(0.6 M sucrose, 10 mM KC1, 1 mM MgCl,, 0.15 
M tricine pH 7.5). This total seed protein was 
fractionated into water-soluble, sedimenting, and 
the oil body phases by overlaying with ca. 5 ml of 
flotation buffer (extraction buffer containing 0.4 
M sucrose instead of 0.6 M) and centrifuging at 
15 000 x g for 1 h. Insoluble seed proteins and 
oil bodies were isolated, resuspended and centri- 
fuged (washed), as above, three times. The soluble 
seed proteins were centrifuged three more times 
to remove remaining insoluble fractions. For the 
fractionation studies, the volumes of total seed 
protein and fractionated seed proteins were 
equalized (13 ml each). A 30 /xg (3.2 pi) portion 
of wild-type and transformed total seed proteins 
were loaded onto a SDS-polyacrylamide gel. Oil 
bodies, soluble and resuspended insoluble seed 
protein fractions (3.2 pi each) were also loaded 
onto the gel. Protein concentration was quanti- 
tated by the BioRad protein assay using bovine 
serum albumin (BSA) as a standard. 



Protein gel electrophoresis and western blotting 

SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) of seed protein extracts were performed 
according to Laemmli [20]. Proteins were trans- 
ferred from polyacrylamide gels onto PVDF 
membranes in transfer buffer (25 mM Tris-HCl 
pH 8.3, 192 mM glycine, 20% methanol) at 300 
mA (constant current) for 2-3 h. Seed proteins 
were transferred onto PVDF membrane (pore size 
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n 45 iim) (Millipore). Samples containing free 
hirudin were electrophoresed through tncine- 
SDS polyacrylamide gels (16.5%) [34] and fixed 
n 507 trichloroacetic acid prior to staining. Al- 
lernatively, fixed gels were equilibrated in trans- 
fer buffer containing 0.1% SDS and electroblot- 
ed onto Immobilon-P SQ (Millipore), which has a 
DO re size of 0.1 urn and an enhanced protein 
binding capacity, particularly for smaller peptides 
All immunoblots were blocked with lO/, 
skimmed milk in TBS buffer and rinsed with TBS 
containing 0.3% Tween-20. Rabbit anti-19 kDa 
a napus oleosins antibodies were kindly provided 
bv Jo Ross at John Innes Centre, UK. Mouse 
anti-hirudin monoclonal antibodies were gener- 
ously donated by C. Koch and K. Gerner-Smidt 
[18]. Alkaline phosphatase (AP)-conjugated sec- 
ondary antibodies recognizing rabbit and mouse 
I g G were purchased from BioRad and Boe- 
hringer-Mannheim, respectively. Membranes 
were incubated with primary antibodies for 3 h at 
room temperature. Membranes were incubated 
with secondary antibodies for 1 h. Color devel- 
opment of AP was according to ProtoBlot West- 
ern, Blot AP system. 

Proteolytic digestion of oleosin-hirudin fusion pro- 
teins and determination of anti-thrombin activity 

Oil bodies were isolated as described above, then 
washed twice in cleavage buffer (50 mM Tns-HCl 
pH 8 0, 100 mM NaCl, 5 mM CaCl 2 ). Oil bod- 
ies were digested overnight at 25 °C in the pres- 
ence or absence of Factor Xa (FXa) (New En- 
gland Biolabs) or clostripain (Sigma). Factor Xa 
n 5 units) or clostripain (1 unit) was added per 
rag oil body protein in cleavage buffer. Oil bod- 
ies were cleaved with clostripain under reducing 
conditions (2.5 mM DTT, final concentration). 
After FXa treatment, the oil body preparations 
(17 mg/ml) were centrifuged and the buffer un- 
derneath the fat pad (unternatant) was assayed 
for anti-thrombin activity. After clostripain treat- 
ment, 500 n\ of the oil body preparations (14 
mg/ml) were precipitated overnight at -20 5 C 
with 11 volumes of acetone. Precipitated proteins 



were washed once with cold acetone, air-dried 
slightly, and resuspended in 500 /il of cleavage 
buffer Thrombin from human plasma (Sigma) 
was added to assay buffer (50 mM Tris-HCl pH 
8 0 100 mM NaCl, 5 mM CaCl 2 ) to a concen- 
tration of 0.12 to 0.14 units/ml. This reaction 
buffer was stored on ice until needed. One ml of 
reaction buffer was added to buffer or protein 
extracts from cleaved or uncleaved oil body 
preparations and allowed to incubate at 25 °C for 
5-10 min. After about 10 min, 50 pmol of the 
chromogenic substrate, p-tosyl-gly-pro-arg-p-m- 
troanilide (Sigma) was added to the above mix- 
ture The chanee in absorbance at OD 40 5nm was 
monitored over 2 min. All samples were assayed 
in triplicate. The average change of absorbance 
per minute and the standard error of the mean 
was calculated and converted into units of throm- 
bin by reference to a thrombin standard curve. 
Dose-dependent assays were analyzed by a least 
significant difference (LSD) test at the 1% level 
of significance. 



Immunofluorescent localization of hirudin 

Anti-hirudin monoclonal antibodies were used to 
confirm the presence of hirudin of the surface of 
lipid bodies. Oil body proteins from transformed 
B napus seeds were washed three times in buffer 
(described above). After the third centrifugation 
step the oil bodies were isolated and resuspended 
in cleavage buffer (described above) and sepa- 
rated into 200 Ml (27 mg/ml) aliquots. In order to 
reduce non-specific staining, the oil bodies were 
washed three times in 300 jxl PBS containing 1 /„ 
BSA The preparations were incubated with anti- 
hirudin monoclonal antibodies (1:20 dilution) for 
6 h at 4 °C. The antibodies were diluted in PBS 
containing 0.1% BSA. After incubation, the oil 
bodies were washed three times in PBS contain- 
ing 0 I 0 / BSA. FITC-conjugated anti-mouse sec- 
ondary antibodies (1:60 dilution, Sigma cat. no. 
F 8771) were added and incubated at room tem- 
perature for 1 h. Following this, the oil bodies 
were washed three times in PBS. Twenty micro- 
liters of oil body and 20 /d of mounting media 
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were placed on a slide. The mounting media con- 
tained a saturated solution of n-propyl gallate, in 
PBS. Slides were examined using a Leica Aris- 
toplan fluorescence microscope with the standard 
FITC exciter and barrier filters (Filter system 13, 
Leica Canada, Toronto). The image was captured 
on Word FP4 film (ASA 400). Affixed exposure 
time was used to photograph all treatments. 

A number of control treatments were per- 
formed in parallel to the antibody staining of hiru- 
din: (1) Factor Xa was used to cleave hirudin 
from the surface of the oil bodies; (2) mouse serum 
(Sigma cat. no. M-5905) was substituted for anti- 
hirudin antibodies; (3) the oil bodies were stained 
with the fluorescent secondary antibodies to 
check for non-specific binding; (4) parallel experi- 
ments were conducted using oil bodies from wild- 
type (WT) seeds. Hirudin was cleaved from the 
oil bodies by addition of 10 pi of Factor Xa ( 1 /zg/ 
III) and incubation at room temperature overnight 
with gentle shaking. The oil bodies were subse- 
quently washed with PBS containing 1% BSA 
and stained with the secondary antibodies as out- 
lined above. All experiments were conducted 
twice. 



Purification and analysis of recombinant hirudin 

The unternatant fraction from oil bodies cleaved 
with Factor Xa was loaded onto an FPLC Mono 
Q HR 5/5 anion exchange column (Pharmacia) 
pre-equilibrated with buffer A (20 mM N-methyl 
piperazine pH 4.7) and the column was washed 
with this buffer until the A 280 returned to baseline. 
Proteins were eluted with 20 ml of a 0-35% gra- 
dient of buffer B (buffer A + 0.5 M (NH 4 ) 2 S0 4 ) 
and collected in 1 ml fractions. Fractions exhib- 
iting an ti- thrombin activity were pooled and de- 
salted on PD-10 columns (Pharmacia) equili- 
brated with water. 

Pooled fractions from anion exchange 
chromatography were loaded onto a Vydac C 18 
TP 1022 semipreparative reversed-phase column 
(Separations Group) equilibrated with 0. 1 % tri- 
fluoroacetic acid. The column was washed with 
7% acetonitrile, 0. 1 % trifluoroacetic acid and de- 



veloped with a 7-30% gradient of acetonitrile, 
0.1?/ trifluoroacetic acid. Fractions exhibiting 
anti-thrombin activity were dried on a Speed- Vac 
and separated on 16.5% tricine-SDS polyacryla- 
mide gels as described above. 

Results 

Expression of oleosin-hirudin fusion gene in Bras- 
sica napus 

An in-frame fusion of an Arabidopsis oleosin cod- 
ing region, followed by that encoding hirudin vari- 
ant 2 was made. This fusion gene was placed 
under the control of an Arabidopsis oleosin pro- 
moter and was terminated by a nopaline syn- 
thetase transcriptional terminator. This construct 
(Fig. IB) was introduced into Brassica napus (oil- 
seed rape) by Agrobacterium-mediated transfor- 
mation. Southern blot analysis of kanamycin 
resistant plants identified a number of transfor- 
mants which had incorporated the oleosin-hirudin 
fusion gene into their genome (an average of 2-3 
copies per genome). These transformants were 
screened for the expression of the oleosin-hirudin 
mRNA. RNA was extracted from developing 
seeds (mid-cotyledon ary stage) of transformed 
and wild type B. napus plants. Expression of the 
oleosin-hirudin mRNA was observed on north- 
ern blots probed with radiolabeled hirudin- 
encoding cDNA. As shown in Fig. 2, hirudin gene 
expression occurred in three of the four transfor- 
mants tested. The hirudin DNA probe did not 
hybridize to seed RNA from wild-type plants. 
Northern blot analysis of RNA from leaf, stem, 
bud and embryo tissue of transformed plants 
showed that expression of the oleosin-hirudin fu- 
sion RNA was embryo-specific (data not shown). 
This observation is consistent with previous work 
using this oleosin promoter [30 J. 

Detection and localization of oleosin-hirudin fusion 
protein 

Seed proteins can be separated into three distinct 
fractions when the seeds are ground in an aque- 
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c; ■> Northern blot demonstrating expression of the oleosin- 
hi'nidin fusion gene in oilseed rape embryos. A 35 M g portion 
of total RNA from mid-cotyledon ary embryos derived from 
wild-type (WT) and four different B. napus transformants (T r 
T ) was loaded onto a 1.2% agarose gel containing 6% form- 
aldehyde. The gel was run overnight at 20 V and the RNA 
blotted onto Hvbond N. The membrane was probed with 
-p-labelled hirudin cDNA (10 6 cpm per ml hybridization 
buffer). 



ous buffer and centrifuged. In Brassica napus, 
these fractions consist of soluble proteins (mainly 
the storage proteins, napin and cruciferin), in- 
- soluble (pelleted) proteins, and an immiscible 'fat 
pad' consisting of oil body proteins. As a result 
of their hydrophobic nature, seed protein extracts 
consisting primarily of oil bodies and associated 
proteins can be easily recovered by flotation cen- 
trifugation. This method involves the repeated 
isolation, resuspension, and centrifugation (wash- 
ing) of oil bodies. Dry seeds from a B. napus 
transformant expressing the oleosin-hirudin fu- 
sion gene were ground in extraction buffer, over- 
laid with flotation buffer, and centrifuged (see 
Materials and methods). The three fractions were 
isolated and washed, and their volumes equalized 
(see Materials and methods). Total seed protein 
from wild-type and transformed plants was iso- 
lated by grinding dry seeds in extraction buffer. 
As shown in Fig. 3, this extraction procedure 
separated the oil body proteins, typified by the 19 
kDa oleosin of B. napus [28] from the majority of 
the other seed proteins. Western blot analysis was 
used to determine the localization of the oleosin- 
hirudin fusion protein in seed extracts. Aliquots 
of the total, soluble, resuspended insoluble, and 
oil body fractions from the transformed (T) plant 
seeds and total seed protein from wild-type (WT) 
plants, were loaded onto an SDS-polyacrylamide 




Fig. 3. Oleosin enrichment from total seed protein via floata- 
tion centrifugation. Total seed protein and oil body protein 
was obtained from an equal weight of seed (0.5 g) from plants 
transformed with the oleosin-hirudin fusion gene. The final 
volume of total seed protein and oil body protein obtained 
were equalized (13 ml). Equal volumes from both seed prepa- 
rations (5.4 /il each) were loaded and electrophoresed via 
SDS-PAGE (15% gel). The resulting gel was stained with 
Coomassie blue. 



gel. These gels were used in immunoblotting ex- 
periments by probing with anti-hirudin mono- 
clonal antibodies. The oleosin-hirudin fusion pro- 
tein has an expected molecular mass of 26 kDa. 
As shown in Fig. 4, the fusion protein detectable 
by anti-hirudin antibodies was preferentially lo- 
calized to the oil body fraction (T, OBP). A small 
amount of the oleosin-hirudin fusion protein was 
also detected by these antibodies in the soluble 
protein fraction. This may be due either to the 
difficulty associated with complete removal of oil 
bodies from the soluble seed protein fraction, or 
the disruption of oil bodies and subsequent re- 
lease of oleosins during preparation. Whenever 
oleosin-hirudin fusion proteins were detected im- 
munologically in seed fractions other than the fat 
pad, they were always in the presence of native 
oleosin proteins. The anti-hirudin antibodies did 
not recognize any protein from wild-type total 
seed protein (WT, total). 

It was expected that the oleosin-hirudin fusion 
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Fig. 4. Immunological determination of localization of ole- 
osin- hirudin fusion protein by fractionation of seed proteins. 
Total seed protein (total), oil body protein (OBP), soluble, or 
insoluble (pellet) seed protein was extracted from equal 
amounts of transformed (T) Brassica napus seeds (see Mate- 
rials and methods). Total seed protein from wild-type (WT) 
seeds was also extracted. After equalizing the volumes of all 
fractions, identical volumes of protein were electrophoresed 
via SDS-PAGE (12% acrylamide gel), blotted onto PVDF 
membrane, and probed with anti-hirudin antibodies. Note the 
absence of antibody binding to proteins derived from wild- 
type seed or from the transformed seed pellet fraction. 



protein would be recognized by both anti-hirudin 
and anti-oleosin antibodies. To prove this, total 
seed protein from transformed and wild-type 
seeds was transferred onto two sets of mem- 
branes. One set of membranes was probed with 
anti-oleosin antibodies, the other with anti- 
hirudin antibodies. As seen in Fig. 5, panel A, a 
band corresponding to a molecular mass of ca. 26 
kDa was recognized by the anti-hirudin antibody 
in transformed (T), but not wild type (WT) oil 
body proteins,.. When a membrane with these 
identical proteins was probed with anti-oleosin 
antibodies (Fig. 5, panel B), native oleosins, hav- 
ing a molecular weight of 19-24 kDa, were re- 
cognized in both plant types. However, an addi- 
tional band in transformed oil bodies (indicated 
by the arrow), and corresponding to a band of 
identical molecular weight recognized by the anti- 




20- 



Fig. 5. Immunological detection of fusion protein with hirudin 
and oleosin antibodies. A 50 portion of each of total seed 
protein from wild-type (WT) or transformed (T) seeds was 
subjected to SDS-PAGE, transferred onto PVDF membrane, 
and probed with either anti-hirudin (A) or anti-oleosin (B) 
antibodies. Note the presence of a ca. 26 kDa protein (arrow) 
in the transformed seed proteins probed with either antibody. 
This band is absent in wild-type seed protein. 

hirudin antibodies (panel A), was recognized by 
anti-oleosin antibodies. 



Immunofluorescence localization of hirudin 

Oil bodies from transformed seeds were isolated 
and probed with anti-hirudin primary antibodies. 
Antibody binding to oil bodies was detected by 
probing with FITC-conjugated secondary anti- 
bodies and visualization with fluorescence mi- 
croscopy. As shown in Fig. 6, transformed oil 
bodies (Fig. 6C) showed significant fluorescence 
as a result of this treatment (Fig. 6D). To verify 
that antibody binding was due to the presence of 
hirudin on the surface of oil bodies, the oil bod- 
ies (Fig. 6E) were treated with Factor Xa. Oil 
body fluorescence was significantly reduced after 
proteolytic treatment (Fig. 6F), although low lev- 
els of residual fluorescence were observed. This is 
probably a result of incomplete cleavage of hiru- 
din from its oleosin 'carrier'. Untransformed oil 
bodies (Fig. 6A) showed no fluorescence when 
probed with the above primary and secondary 
antibodies (Fig. 6B). No fluorescence was ob- 
served when transformed oil bodies were probed 
with mouse serum and secondary antibodies, or 
secondary antibodies, alone (data not shown). 
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Fig. 6. Immunofluorescence localization of hirudin. Oil bod- 
ies from transformed and wild-type seeds were isolated and 
probed with anti-hirudin monoclonal antibodies and the ap- 
propriate FITC-conjugated secondary antibodies (see Mate- 
rials and methods). A. C and E. Light microscopy. B, D, and 
F. Fluorescence microscopy. Transformed oil bodies were 
treated (E, F) or untreated (C D) with Factor Xa. As shown, 
oil body fluorescence is significantly reduced after Factor Xa 
treatment. Wild-type oil bodies (A) demonstrated no fluores- 
cence (B). Scale bar = 25 fim. 

Enzymatic assay of hirudin activity 

Hirudin activity is measured using a colorimetric 
thrombin inhibition assay. This assay measures 
the rate of thrombin-mediated proteolysis of a 
chromogenic substrate (p-tosyl-gly-pro-arg-ni- 
troanilide) that, upon cleavage, absorbs light at 
405 nm. B. napus oil bodies from wild-type and 
transformed seeds were analyzed for anti-throm- 
bin activity. Transformed and wild-type oil bod- 



ies were treated in the presence or absence of 
Factor Xa overnight at room temperature. 
Thrombin was added to the unteraatant isolated 
from these samples, or to buffer, alone. The 
thrombin proteolytic activity present in each mix- 
ture, as measured by the increase in absorbance 
at 405 nm, was determined for each sample. As 
seen in Fig. 7, the activity of the thrombin was 
unchanged by addition of unternatant from wild 
type oil bodies (either cleaved with FXa or un- 
cleaved). Significantly, oil body proteins from 
seeds transformed with the oleosin-hirudin fusion 
gene also demonstrate no anti-thrombin activity 
prior to Factor Xa treatment. Anti-thrombin ac- 
tivity in transformed plants only occurred after 
the hirudin was released from the oleosin-hirudin 
fusion by specific proteolytic digestion. The hiru- 
din activity released corresponds to ca. 0.55 anti- 
thrombin units per mg transformed oil body pro- 
tein cleaved with Factor Xa. Treatment of oil 




Fig. 7. Measurement of anti-thrombin activity in transformed 
and wild-type oil body extracts. Oil bodies from transformed 
(T) and wild-type (WT) seeds were treated in the presence (X) 
or absence of Factor Xa. The undernatant from these samples, 
or buffer alone, was added to thrombin in buffer. The change 
in thrombin activity was measured per mg of oil body extract 
added. In the case of the buffer control, as no protein was 
present, the activity was normalized by dividing by the aver- 
age protein content of the other samples (all of which were 
approximately the same). The thrombin activity present in the 
samples cleaved with Factor Xa have been adjusted to ac- 
count for the presence of contaminating thrombin present in 
commercial Factor Xa. As shown, thrombin activity is only 
reduced when unternatant from Factor Xa-treated, trans- 
formed oil bodies (T, X) is added. 
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body proteins with the protease ciostripain (an 
inexpensive enzyme which cleaves after arginine 
residues) showed similar results as those obtained 
with Factor Xa cleavage. As shown in Table 1, 
addition of 20, 40, and 60 fil of oil body proteins 
from wild type oil bodies treated or untreated 
with ciostripain, or from untreated oil bodies of 
transformed seeds had no effect on thrombin ac- 
tivity. However, addition of protein extracts from 
transformed oil bodies cleaved with ciostripain 
(Table 1; TF + ciostripain) resulted in a dose- 
dependent inhibition of thrombin activity. In this 
assay, ca. 0.2 anti-thrombin units per mg trans- 
formed oil body protein cleaved with ciostripain 
was measured. The lower levels of anti-thrombin 
activity (per mg of oil body protein) obtained from 
clostripain-treated oil bodies compared to FXa- 
treated oil bodies is likely due to the nature of 
protein preparation. Ciostripain is only enzymati- 
cally active in the presence of 2.5 mM DTT. Op- 
timal anti-thrombin activity of hirudin is depen- 
dent on the formation of three intramolecular 
disulfide bridges [4]. As a result, care must be 
taken in order to remove the DTT from samples 



incubated with this reducing agent. On account 
of these technical hurdles, all other cleavages re- 
ported here employed Factor Xa, despite its rela- 
tive high cost compared with ciostripain. 

Electrophoretic analysis of recombinant hirudin 

Recombinant hirudin was purified from the un- 
ternatant fraction following Factor Xa cleavage 
of oil bodies from transformed seed. Purification 
was accomplished through anion exchange 
chromatography followed by reversed-phase 
chromatography. After each step, hirudin-con- 
taining fractions were identified using the anti- 
thrombin chromogenic assay. Two overlapping 
peaks of hirudin activity were obtained following 
reversed-phase chromatography. As shown in 
Fig. 8A, both peaks were comprised largely of a 
single molecular mass species indicating a rela- 
tively high degree of purity. While the apparent 
molecular mass of ca. 14 kDa observed for this 
protein is higher than the predicted mass of 6893 
Da, it is identical to that seen on immunoblots 



Table I. Determination of dose-dependent inhibition of 
thrombin activity by wild-type and transformed oil body ex- 
tracts. Oil body proteins from transformed (TF) and wild-type 
(WT) extracts were digested in the presence or absence of 
ciostripain. Acetone-precipitated proteins were resuspended 
in cleavage buffer (see Materials and methods) and added in 
20, 40, or 60 fil volumes to thrombin in buffer. As a control, 
20, 40. or 60 /il of cleavage buffer, alone, was added to throm- 
bin in this buffer. Thrombin activity, in thrombin units, is 
reported. All assays were performed in triplicate. Least sig- 
nificant difference (LSD) tests separated data into statistically 
similar or different groupings, shown as superscripts. Signif- 
icant anti-thrombin activity was only observed in transformed 
oil body proteins treated with ciostripain. This activity was 
dose-dependent. 
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Fig. 8. Electrophoretic and immunoblot analysis of recombi- 
nant hirudin. A. B. wapus-derived recombinant hirudin was 
purified and analyzed on a 16.5% tricine-SDS gel. Ca. 3.4 /ig 
of peak 1 (PI) and 7.6 pg of peak 2 (P2) obtained upon 
reversed-phase chromatography were loaded in individual 
lanes. Protein was visualized via Coomassie blue- staining. B. 
An aliquot of the undernatant fraction (U) from transformed 
seed corresponding to ca. 80 pt% of original oil body protein 
was separated on a 16.5% tricine-SDS gel along with 3 units 
of commercial, recombinant hirudin variant 2 (rHV2) (Sigma) 
derived from yeast. The resulting gel was electroblotted onto 
PVDF-P sq membrane and probed with anti-hirudin anti- 
bodies. 
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«Fi2 8B) for both B. napus (U)- and yeast-denved 
recombinant hirudin variant 2 (rHV2). These re- 
suits suggest that the difference between apparent 
^nd actual molecular mass is due to the aberrant 
behavior of hirudin on SDS gels. The precise 
differences between the two peaks of recombi- 
nant hirudin eluted from the reversed-phase col- 
umn are unclear and are currently being investi- 
aated. However, the specific activity (measured 
through the use of an anti-thrombin chromogenic 
assay), was found to be identical for both peaks. 



Discussion 

We have demonstrated the efficacy of using ole- 
osin gene fusions for the production of high-value 
recombinant proteins in plants. Transcripts of the 
oleosin-hirudin fusion gene accumulated in a 
seed-specific manner at the mid-cotyledonary 
stage of development. The corresponding fusion 
protein was detected in dry seeds and was local- 
ized primarily to the oil body phase of centrifuged 
seed proteins. Following proteolytic cleavage of 
the fusion protein, a fraction possessing anti- 
thrombin activity was recovered. While a rigorous 
quantitative analysis of expression awaits further 
work, levels of fusion protein observed on un- 
munoblots (such as Fig. 5, panel B) lead us to 
suggest, tentatively, that they may represent up to 
107 of endogenous oleosin protein levels and 
thus" represent as much as 1% of the total seed 
protein. This level is comparable to that of other 
plant-based expression systems [12, 29, 35, 39] 
and could prove suitable for the cost-efficient pro- 
duction of recombinant proteins. Even higher lev- 
els of expression might be obtained through 
modifications of the truncated Arabidopsis pro- 
moter used in this study. Recently, it has been 
shown that this promoter contains regions 
responsible for both the up- and down-regulation 
of expression and that additional upstream se- 
quences may further increase expression ten-fold 
[30]. 

One of the major problems associated with fu- 
sion protein expression systems is degradation or 
loss of the product due to improper folding and/or 



targeting. Hoffman and colleagues [13] showed 
that while a gene encoding a modified phaseolin 
protein was expressed correctly in transformed 
tobacco, the protein was subsequently degraded. 
Since the protein was observed to accumulate 
briefly in the Golgi apparatus, it was assumed 
that a failure in protein body targeting was re- 
sponsible. Although the precise amino acid se- 
quences involved in targeting oleosins to oil bod- 
ies are not yet known, analysis has identified 
conserved and variable regions within the oleosin 
protein [16]. Considerable variability has been 
observed between different species in both the N- 
and C-terminal regions of oleosin and thus these 
regions are the most likely to tolerate insertion of 
foreign sequences. Similar reasoning was em- 
ployed successfully for the expression of Leu- 
enkephalin fused to an Arabidopsis 2S albumin 
[39]. However, because processing occurs at both 
the N- and C-terminal ends of this protein, it was 
necessary to insert the foreign peptide into an 
internal region, such that two separate proteolytic 
digestion steps were required to liberate the de- 
sired product. In addition to the increased com- 
plexity of processing, insertion into an internal 
region of a carrier protein severely limits the size 
of the foreign protein which could be accommo- 
dated [ 19]. Localization of the oleosin-hirudin 
fusion protein primarily to the oil body fraction 
demonstrates that targeting is not adversely af- 
fected and supports the suggestion that the 
C-terminal region of oleosin can tolerate consid- 
erable modification. 

Recovery of active hirudin after proteolytic 
treatment of the oil body fraction indicates that 
proper folding of hirudin is able to occur and 
furthermore, that the protease recognition site is 
accessible while the fusion protein remains at- 
tached to the oil body. The pathway of hirudin 
folding has been studied extensively [4, 5] and 
has revealed that correct formation of the three 
disulfide bridges present in the native protein is 
necessary for full activity. 

While it was not possible to assay for anti- 
thrombin activity in oil body preparations due 
their opacity, we believe that it is unlikely that 
hirudin is active while present in a fusion protein 
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configuration. This is based upon the fact that the 
N-termmal portion of mature hirudin is essential 
for binding and blocking the active site of throm- 
bin [3]. In yeast expression systems, it has been 
shown that the failure to properly remove resi- 
dues directing the secretion of recombinant hiru- 
din resulted in its inactivation [9, 22]. In these 
studies an active product could be obtained after 
correct proteolytic processing of the signal se- 
quence. Furthermore, when expressed in E. coli 
the B. napus oleosin-hirudin fusion protein failed 
to exhibit anti-thrombin activity until it had been 
digested with protease to release hirudin (unpub- 
ished results). Based on these findings, it seems 
likely that steric hindrance from the oleosin por- 
tion of the fusion protein prevents the interaction 
between hirudin and thrombin such that oil body 
preparations from transformed plants would not 
possess anti-thrombin activity. The inactivity of 
the fusion protein has practical implications for 
the field production of recombinant hirudin in 
that the transgenic plants would be environmen- 
tally benign. 

The cost associated with the purification of re- 
combinant proteins is a significant factor in de- 
termining the feasibility of commercial produc- 
tion. The substantial level of purification achieved 
through flotation-separation of oil bodies demon- 
strates the utility of this technique for the produc- 
tion of recombinant proteins in plants. Our cur- 
rent estimates suggest that greater than 90% of 
contaminating seed proteins are removed follow- 
ing the simple flotation centrifugation procedure 
The level of enrichment achieved is comparable 
to that achieved by the secretion of proteins in 
bacterial [2,6] and yeast [31] expression sys- 
tems. As a result, the further purification of hiru- 
din to near-homogeneity was accomplished in 
only two chromatographic steps using standard 

protein technol- 
ogy is also amenable to large-scale production 
and can be readily integrated into existing agri- 
cultural processing procedures. Although oilseed 
rape is generally not wet milled, this process could 
be adapted from existing equipment and proce- 
dures routinely used for wet milling of other crops 
such as corn. Similarly, it has been shown [17] 



that equipment presently used in the dairv indus- 
try for the separation of milk products is suitable 
for the separation of oil bodies following aqueous 
extraction. Production of recombinant proteins in 
seeds also offers several distinct advantages over 
synthesis in bacteria and yeast. The low cost of 
seed-based expression systems contrasts with the 
expensive and labour-intensive operation of 
large-scale fermentation systems. There was no 
detectable decrease in fusion protein accumula- 
tion between seeds stored for over a year versus 
those newly harvested, indicative of the stability 
of seed proteins during storage. This means that 
there is no need to synchronize field production 
with demand for a given protein. Provided that 
expression levels are adequate and purification 
costs reasonable, seed-based expression systems 
should be very cost-efficient. 

In conclusion, we have described a svstem for 
the general production and recovery of "recombi- 
nant peptides synthesized as fusions to seed oil 
body proteins. The fidelity of this svstem has been 
demonstrated with the production of a functional 
pharmaceutical protein, hirudin. The svstem is 
flexible with respect to the different types of pro- 
teins it can accommodate and enables rapid and 
simple purification of the recombinant product 
Furthermore, low costs of seed production and 
compatibility with existing agricultural processing 
procedures make it an attractive alternative to 
conventional bacterial and yeast fermentation 
systems. 
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